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ScienceDirectThe adaptive immune systems of all vertebrates rely on self-
DNA mutating enzymes to assemble their antigen receptors in
lymphocytes of their two principal lineages. In jawed
vertebrates, the RAG1/2 recombinase directs V(D)J
recombination of B cell and T cell receptor genes, whereas the
activation-induced cytidine deaminase AID engages in their
secondary modification. The recombination activating genes
(RAG) 1 and 2 evolved from an ancient transposon-encoded
genome modifier into a self-DNA mutator serving adaptive
immunity; this was possible as a result of domestication,
involving several changes in RAG1 and RAG2 proteins
suppressing transposition and instead facilitating-coupled
cleavage and recombination. By contrast, recent evidence
supports the notion that the antigen receptors of T-like and B-
like cells of jawless vertebrates, designated variable
lymphocyte receptors (VLRs), are somatically assembled
through a process akin to gene conversion that is believed to be
dependent on the activities of distant relatives of AID, the
cytidine deaminases CDA1 and CDA2, respectively. It appears,
therefore, that the precursors of AID and CDAs underwent a
domestication process that changed their target range from
foreign nucleic acids to self-DNA; this multi-step evolutionary
process ensured that the threat to host genome integrity was
minimized. Here, we review recent findings illuminating the
evolutionary steps associated with the domestication of the
two groups of genome editors, RAG1/2 and cytidine
deaminases, indicating how they became the driving forces
underlying the emergence of vertebrate adaptive immune
systems.
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RNA and DNA modifying enzymes constitute a large
family of structurally and functionally diverse proteins
that participate in a bewildering array of biochemical
reactions in organisms from all branches of the evolution-
ary tree. Notably, nucleic acid editors are also key drivers
of the evolution of immune defense mechanisms of uni-
and multicellular organisms [1,2]. Examples include pro-
karyotic restriction/modification [3–6] and CRISPR/Cas
systems [7–10], anti-viral proteins of the AID/APOBEC-
Deaminase (AAD) class and their institutionalized
descendants [11–13,14], and the products of the recom-
bination activating genes (RAG) [15,16], underlying
the somatic rearrangement and assembly of antigen
receptor loci in lymphocytes of jawed vertebrates [17].
A small subset of self-DNA mutating enzymes plays
key roles in adaptive immune systems of vertebrates.
RAG1/2 genes [15,16,17] and cytidine deaminases
[18,19,20] are required for the somatic diversification
of the two molecularly distinct classes of antigen recep-
tors of vertebrates. Jawed vertebrates (ranging from car-
tilaginous fishes to humans) deploy immunoglobulin
domain-based antigen receptors for self/nonself discrimi-
nation [21], whereas jawless vertebrates (lampreys,
hagfishes) rely on leucine rich repeat-based multi-domain
proteins for antigen-specific immune responses
[22,23,24,25]. While the Ig-type antigen receptors
require the RAG proteins for their functional assembly in
lymphocytes [26], evidence is mounting that the LRR-
type of receptors are assembled by institutionalized cyti-
dine deaminases [19,20,24,27].
Despite their apparent advantage for vertebrate adaptive
immunity, self-DNA mutating enzymes are potentially
harmful and hence their activities must be strictly con-
trolled in order to avoid collateral damage to the host
genome [28–36]. Because of their inherent proliferative
capacity, lymphocytes are particularly susceptible to such
off-target effects. As will be discussed in detail below,
illegitimate chromosomal rearrangements such as trans-
locations or inversions caused by RAG proteins can result
in ectopic or unscheduled expression of proto-oncogenes
[37], whereas the uncontrolled activity of AID has been
shown to introduce oncogenic mutations in a number of
genes that are physiologically expressed in lymphocytes
[31,32]. Thus, in a process collectively referred to as
domestication [38,39], mechanisms evolved to restrict
the activities of these mutators not only to specific loci inwww.sciencedirect.com
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lineages at certain stages of development and/or differ-
entiation [40,41,42].
Evolution of vertebrates and their lymphocyte
lineages
About 500 million years ago, the common vertebrate
ancestor emerged [43,44]. The two extant groups of
vertebrates are represented by 200 species of jawless
vertebrates (lampreys and hagfishes), and the 60 000
species of jawed vertebrates that encompass groups as
diverse as cartilaginous fishes and mammals (Figure 1a)
[43,44]. Immune cells with phagocytic activities (origi-
nally discovered in starfish larvae by E. Metchnikov at the
end of the 19th century [45]) are present in many meta-
zoan species, including vertebrates. By contrast, lympho-
cytes expressing somatically diversified antigen-specific
















Evolutionary trajectory of vertebrates and their adaptive immune systems.
(a) Cladogram depicting the evolutionary split between and within jawless a
common vertebrate ancestor gave rise to both jawless and jawed vertebrat
jawless vertebrates, extant species are restricted to the clades of hagfishes
group, here exemplified by cartilaginous fishes and mammals. (b) Cladogra
vertebrate evolution. Following the evolutionary timeline of (a), the two arms
lymphocyte, a primordial lymphoid cell type present in the common vertebr
stage, however most likely before the emergence of the distinct ancestors o
why both jawless and jawed vertebrates possess B-like and T-like cell type
www.sciencedirect.com had their evolutionary origin in lymphocyte-like granular
cells that were recently described in tunicates [46]. With
respect to the evolutionary trajectory of antigen recogni-
tion, it is conceivable that this facility emerged in a step-
wise fashion. Lymphocytes may have initially expressed
different kinds of germline-encoded (and hence invari-
ant) antigen-specific receptors, akin to pattern recognition
receptors. However, a variegated expression mode of such
‘sensors’, in combination with the astounding prolifer-
ative potential of lymphocytes, may have afforded early
vertebrates with the capability of primordial antigen-
related responses and memory formation through prolif-
eration of a subset of clones. Once somatic diversification
of antigen receptors was invented, and their clonal repre-
sentation implemented, the immune system was pro-
vided with an exquisite facility of fine-tuning immune
responses and memory formation. In concert with the
evolution of thymus-derived T and bone marrow-derivedB-like cell lineage 
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e ancestors, and subsequently to their diversified descendants. In
 and lampreys, whereas jawed vertebrates comprise a more diverse
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 of the adaptive immune system originated from the hypothetical pan-
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34 Evolutionary and systems immunologyB lymphocytes, the stage was set for co-evolution of
innate and adaptive facilities of vertebrate immune sys-
tems [47]. All vertebrates so far examined possess B-like
and T-like lymphocytes [48,49,50], indicating that the
dichotomy of the vertebrate immune system likely was
established in the common vertebrate ancestor
(Figure 1b).
The origins of the Rag recombinase and split
antigen receptor genes
In jawed vertebrates, the heterodimeric endonuclease
formed by the products of the RAG1 and RAG2 genes
initiate and coordinate the so-called V(D)J recombination
process, by which individual gene segments of the incom-
plete B-cell receptor (immunoglobulin) and T cell recep-
tor (TCR) germline genes are rearranged and assembled
into functional units in developing lymphocytes
[17,51,52]. Soon after the discovery of the RAG genes,
it was speculated that they might have originated from a
transposon of the Transib family [53,54,55]. It is
thought that the insertion of such a transposon into the
gene encoding a primordial cell surface receptor estab-
lished the prototype of a split antigen receptor gene
(split AgR) [56]. After excision, the transposon left
behind characteristic tandem inverted repeats that
evolved into the recombination signal sequences (RSSs);
they are composed of conserved heptamer and nonamer
sequences, and are recognized by RAG proteins
(Figure 2a) [56]. Since RSSs flank variable (V), diversity
(D) and joining (J) gene segments of Ig and TCR genes,
they serve as anchor points for the cleavage/ligation
processes required for the somatic assembly of functional
antigen receptor genes [17].
RAG-like genes can also be found in species other than
jawed vertebrates [41,53,54,57–59,60]. For instance,
the genome of the purple sea urchin Strongylocentrotus
purpuratus also contains RAG1-like and RAG2-like
sequences [53,54]; moreover, the basal chordate amphi-
oxus Brachiostoma belcheri possesses a transposable ele-
ment superfamily, ProtoRAG, encoding both RAG1-like
and RAG2-like proteins, strongly reminiscent of the
configuration of the presumptive ancestral RAG transpo-
son [41,53,58,59,60] (Figure 2a). Collectively, these
observations suggest a vertical rather than horizontal
transmission mode of RAG-like sequences in the
deuterostome and chordate lineages. Hence, it will be
interesting to examine in a more systematic fashion
whether the convergently transcribed RAG-like genes
that are arranged in the characteristic closely juxtaposed
configuration [16] can also be found in other branches of
the animal tree. This information would help establishing
the time point of the original lateral gene transfer event(s)
in the metazoan lineage. Notably, RAG-like sequences
have not been found in the genomes of jawless verte-
brates [41,61,62–64], suggesting that they might haveCurrent Opinion in Immunology 2020, 65:32–41 been lost after the split between jawless and jawed
vertebrates (Figure 2a).
Reconstructing the domestication process of
RAG proteins
The conversion of the ancestral Transib transposase into
the vertebrate heterodimeric RAG recombinase driving V
(D)J recombination appears to have been a step-wise
process. The only known active RAG1-like Transib
transposase is found in the moth Helicoverpa zea and
possesses unique structural characteristics that compen-
sate for the apparent absence of a RAG2-like protein in
the transposition process [55]. Based on comparative
analyses, it was proposed that a Transib transposon at
some point acquired a RAG2-like sequence to form the
RAG1-RAG2 transposon [41,65]. This event initiated a
co-evolutionary process during which RAG1 likely
acquired an interaction surface for RAG2, replacing its
own original target-site interaction surface [55]. Addi-
tional changes in both proteins served to eventually
suppress transposition in favor of coupled cleavage and
recombination that is required for antigen receptor gene
assembly [66,67,68]. Thus, the recent studies [42,55]
document in exquisite detail how the domestication
process converted an ancient selfish genome modifier
[69,70] into a self-DNA mutator serving a crucial func-
tion in adaptive immunity of jawed vertebrates
[42,55].
Even after domestication, erroneous utilization by the
RAG proteins of orphan RSS still occurs [71,72], despite
depletion of such sequences in the vicinity of genes that
are expressed in lymphocytes [40,73]. Many of such
somatic events are likely to be innocuous. However,
chromosomal repositioning next to transcriptionally
active antigen receptor gene loci may result in uncon-
trolled expression of proto-oncogenes [29]. This possibly
endows the afflicted cell with a selective growth advan-
tage, and finally may lead to malignant transformation.
Illegitimate chromosomal rearrangements may occur
purely as a consequence of accidental alignment of chro-
mosomal regions in trans rather than the usual cis config-
uration in the antigen receptor loci, or as a result of
somatic mutations in RAG proteins that relax their strin-
gent transposition suppression sequence signatures.
Base editors as mediators of antigen receptor
diversification
It has long been recognized that several members of the
cytidine deaminases of the AID/APOBEC family (AADs)
may evolve in response to the continual genetic conflicts
between genetic parasites and their eukaryotic hosts [74].
For instance, the rapid expansion of APOBEC3 genes in the
genomes of diverse mammals is thought to be the result of
ongoing pressure exerted by viruses, retroviruses and
(retro)transposons threatening the integrity of the host
genome [13]. Most interestingly, however, in a radicalwww.sciencedirect.com
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Evolution of key components of vertebrate adaptive immune systems.
(a) Evolution of key genetic features that characterize the vertebrate adaptive immune systems. Four sets of immune-related genes were initially
present in the common vertebrate ancestor: the split antigen receptor (split AgR) gene and its companion, proto-RAG (a vertebrate-specific
descendant of the ProtoRAG present in amphioxus); the proto-variable lymphocyte receptor (proto-VLR) and its self-DNA targeting AID/APOBEC
deaminase (AAD) companion(s). The genes evolving from each of the four sets are indicated in the same colored box as the one of origin (red,
purple, yellow and green).
The indicated genetic building blocks of adaptive immunity evolved along different evolutionary trajectories in jawless and jawed vertebrates. It
appears likely that the genomes of jawless and jawed vertebrate ancestors retained only parts of the original gene sets. Jawless vertebrates lost
the split AgR gene and proto-RAG (represented by faded boxes); by contrast, a proto-VLR gene(s) was retained alongside a proto-CDA2 gene
www.sciencedirect.com Current Opinion in Immunology 2020, 65:32–41
36 Evolutionary and systems immunologydeviation from this ‘classical’ innate immune-related tra-
jectory, some AADs have evolved the ability to target self-
DNA rather than foreign DNA. These events laid the
foundations for an entirely new type of immune defense
that is based on the somatic diversification of antigen
receptor genes [12]. Hence, in a remarkable change of
evolutionary strategy of immune defense, AADs evolved
away from a direct executing role to assume an indirect
facilitating role of much broader specificity.
About 20 years ago, activation-induced cytidine deaminase
(AID) was identified as the key enzyme contributing to
somatic diversification of immunoglobulin genes in jawed
vertebrates by hypermutation, gene conversion, and class
switch recombination [18,75,76]. More recently, two
additional members of theAADclade with strongsequence
homology to AID were discovered in the genome of the sea
lamprey Petromyzon marinus, designated cytidine deami-
nases 1 and 2 (CDA1 and CDA2) [19,77]. Subsequent
work associated their expression with the two principal B-
like and T-like lymphocyte lineages identified in lampreys
[24,78,79]. These findings supported the hypothesis
[25] that CDA1 and CDA2 might be involved in the
assembly of the genes encoding the leucine-rich repeat
(LRR)-containing variable lymphocyte receptors (VLRs)
[79]. Detailed analysis of assembly intermediates of VLR
genes suggested a process akin to gene conversion
[19,27,80], in analogy to the function of AID in the
generation of the immunoglobulin repertoire in birds
and certain mammalian species [76,81]. The expression
analyses of CDA genes [24] and subsequent structural and
functional in vitro studies [82] were highly suggestive of
their roles in VLR gene assembly. However, clear-cut
experimental evidence has only recently been provided,
as will be discussed below. The evolutionary precursor of
VLR genes likely existed already in the genome of the
common vertebrate ancestor, but might have been lost in
the jawed vertebrate lineage (Figure 2a).
Function of the CDA2 gene
Of the two principal types of cytidine deaminases identi-
fied in lampreys, the CDA2 gene appears to be the most
conserved [82]. The sea lamprey CDA2 gene has clear(Figure 2 Legend Continued) that emerged from a self DNA-targeting AAD
these were subsequently exapted to underpin the adaptive immune system
boxes). In lampreys, it has now been demonstrated that CDA2 is required f
yet proven that CDA1 assembles VLRA/C receptor genes. In hagfishes, the
the repertoire of AAD genes in this group of animals remains uncharacterize
The proto-RAG gene originates from the transposon of the Transib family th
vertebrate ancestor. Concomitantly, the insertion (and subsequent excision)
receptor established the prototype of a split AgR in the common vertebrate
gene, here represented by the faded box, possessing instead three of the f
derived from a self DNA-targeting AAD. These genes (outlined by a dashed
jawed vertebrates, here exemplified by cartilaginous fishes and mammals (l
receptor (BCR and TCR) genes, and the domesticated forms of the recomb
derived from proto-AID, which is involved in the affinity maturation of the BC
to an additional (perhaps ancestral) role of AID in the somatic hypermutatio
vertebrates.
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Japanese lamprey Lethenteron camtschaticum and the Euro-
pean brook lamprey Lampetra planeri [82]. This stability
suggests that the gene is no longer part of ongoing genetic
conflicts with extraneous parasites, but has become
‘institutionalized’ to carry out functions in the context
of lamprey development and/or physiology [14]. Indeed,
it is transcribed — albeit at low levels — in cells expres-
sing the VLRB antibody genes of lamprey, and in cells
situated in hematopoietic tissues in lamprey larvae
(kidney and typhlosole), compatible with a role in the
assembly of functional VLRB genes from non-functional
germline precursors [24,83].
Recently, following improvements in the methodology to
rear in vitro-fertilized lampreys in the laboratory, in com-
bination with highly efficient CRISPR/Cas9-mediated
gene disruption, we have been able to directly examine
a potential role of CDA2 in the VLRB assembly process in
L. planeri [20]. We generated a large series of CDA2-
deficient L. planeri CRISPR/Cas9-induced mutants (cris-
pants), exhibiting bi-allelic deleterious mutations of the
CDA2 gene. In L. planeri larvae lacking intact CDA2
genes, VLRB assemblies were found to be entirely absent.
By contrast, VLRA or VLRC assemblies characteristic of
the T lineages of lampreys proceeded normally, confirm-
ing a lineage-specific function of CDA2. Because AADs of
hagfishes have not yet been characterized, it is unclear
whether CDA1-like and CDA2-like genes exist and
whether they are involved in VLR gene assembly
(Figure 2a).
The complexity of CDA1 and CDA1-like gene
families
In addition to the CDA2 gene, initial studies identified a
second cytidine deaminase gene in the genome of sea
lamprey, designated CDA1 [19]. Whereas the coding
sequence of the CDA2 gene is distributed across six exons,
CDA1 is composed of a single exon [19,82]. Subse-
quently, genes closely resembling the sea lamprey CDA1
were found in the genomes of other lamprey species
(L. planeri, L. japonicum, and L. fluviatilis) [82]. How-
ever, in contrast to the extremely high degree of protein. The dashed box around proto-CDA2 and proto-VLR indicate that
s of jawless fishes, comprising hagfishes and lampreys (upper brown
or VLRB receptor gene assembly [20]; likewise, it is assumed but not
 VLR/CDA system might operate in a similar fashion; however, since
d, their potential roles in the assembly of VLRA/C are unknown.
at later gave rise to the domesticated RAG1/2 variants in the jawed
 of the transposon into a gene encoding a primordial cell surface
 ancestor. The common jawed vertebrate ancestor lost the proto-VLR
our sets of genes, the split AgR, RAG1/2 and proto-AID, the latter
 box) were later exapted to support the adaptive immune systems of
ower brown boxes). The process of V(D)J recombination, the antigen
inase (RAG1/2) are shared by both groups; the same is true for AID,
R. Note, however, that in cartilaginous fishes, recent evidence points
n of the TCR, a function that seems to have been lost in other jawed
www.sciencedirect.com
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genes encode proteins of much greater sequence diver-
gence [14,82]. Moreover, when studying the genome of
L. planeri, we found the presence of several additional
CDA1-like genes (designated CDA1Ls); however, the
number of such genes varied among individuals of the
same species [82]. Structural studies of the predicted
proteins encoded by CDA1L genes suggested the pres-
ence of two clades (CDA1L1 and CDA1L2); only one of the
genes identified in L. planeri so far, CDA1L1_4, encodes a
protein that exhibits a surface charge distribution similar
to P. marinus CDA1 and AID of jawed vertebrates and is
therefore predicted to represent their functional homolog.
Interestingly, both CDA1 and CDA1L1_4 expression is
found in VLRA+ and VLRC+ lymphocytes [24,25], and
in cells situated in the thymoid, representing the pre-
sumptive thymus equivalent of lampreys that is located at
the tips of the larval gill filaments [83]. Based on the role
of CDA2 in VLRB gene assembly [20], we hypothesize
that CDA1 or CDA1L1_4 genes are required for the
somatic assembly of VLRA and VLRC genes in developing
T-like lymphocytes. Of note, the greater variability of
CDA1 and CDA1L proteins (as compared to the highly
conserved CDA2 sequences) may have precluded the
identification of members of this clade of AADs in
sequence collections of hagfishes; alternatively, the
CDA2 gene might assume a more general role in VLR
gene assembly in these species (Figure 2a).
Several AID/APOBEC-like genes are present in the
genome of the echinoderm S. purpuratus and the brachio-
pod Lingula anatina [14,84]. In phylogenetic analyses of
these AID/APOBEC family members, SpAID-like pro-
teins cluster with the sea lamprey CDA2 protein, suggest-
ing that CDA2 is more ancient and/or evolves much slower
than the proteins encoded by CDA1 and CDA1L genes.
Interestingly, the expression of the invertebrate enzymes
is enriched in tissues of the digestive tracts where con-
tinuous interactions with foreign pathogens and symbi-
otic microbiota occur; moreover, it appears that their
expression is induced upon pathogen exposure. The
existence of numerous alleles of AID/APOBEC genes in
S. purpuratus individuals is indicative of their involve-
ment in innate immune mechanisms, a feature that they
may have in common with CDA1L gene in lampreys [82]
and APOBEC3 genes in mammals [13,85–87].
Domestication of AADs for self-DNA
mutagenic activity
The mechanism(s) of domestication that were associated
with the ‘institutionalization’ of AID and CDAs are
unknown. However, it is conceivable that a number of
mechanisms were involved. Transcriptional control
mechanisms could have restricted expression of AADs
initially to immunocytes and later to lymphocytes, and
finally to certain differentiation stages only; this scenario
would be similar to that of RAG genes that are subject towww.sciencedirect.com tight transcriptional control during lymphocyte differen-
tiation in jawed vertebrates [88,89]. Other mechanisms of
taming the mutator activities of AID/CDA enzymes
might have involved-specific protein modification(s) to
target their activity to certain subcellular compartments,
and/or the recruitment of specific enzymes/co-factors to
achieve the required locus-specific targeting in the
genome of lymphocytes. As is the case with RAG-induced
chromosomal modifications, AADs can still inflict collat-
eral damage to self-DNA [90]. For AID, it is conceivable
that a trade-off may have emerged, balancing the short-
term advantage of an efficient immune response (for
instance, by affinity maturation of antibodies) against
the long-term risk of initiating tumor development.
The latter likely occurs in B cells after activating muta-
tions in proto-oncogenes but may require additional insult
in the genome for the development of full-blown malig-
nancy. In evolutionarily ancient jawed vertebrates, such
as cartilaginous fishes, where AID-induced mutations are
found in TCRs [91], the trade-off is less clear. However,
in this group of jawed vertebrates, it is possible that
instead of post-selection affinity maturation, AID might
be employed for repertoire diversification after initial
RAG-mediated assembly but before selection for self-
compatibility.
Evolutionary implications of CDA phylogeny in
jawless vertebrates
In contrast to the lymphocyte lineage-independent
expression pattern and function of RAG1 and RAG2 genes
in jawed vertebrates, CDA genes in lampreys exhibit a
lineage-specific signature and function, as demonstrated
for CDA2 in the B-like lineage [20]. These findings
suggest an evolutionary scenario for the CDA gene family
that has wider implications for our understanding of the
emergence of lymphocyte lineages in jawless vertebrates.
Because RAG1 and RAG2 proteins function in the assem-
bly of both Ig and TCR genes in all jawed vertebrates [17],
the RAG1-RAG2 transposon might have invaded the
primordial antigen receptor gene (split-AgR gene) in an
ancient jawed vertebrate possessing only one type of
lymphocyte lineage (Figure 2a). It is conceivable that
this pan-lymphocyte lineage subsequently diversified
into antibody-producing cells and those mediating cellu-
lar immune functions. Excision of the original transposon
sequence then generated a primordial antigen receptor
gene of the V(D)J type, which after duplication/expan-
sion evolved into the diversified Ig and TCR gene classes
present in all extant jawed vertebrates. Alternatively, the
split-AgR gene might have been present in the ancestor
common to all vertebrates; if so, it must have been lost,
together with the RAG-like transposon in the lineage that
gave rise to extant jawless vertebrates (Figure 2a). In any
case, at some point during this evolutionary process (most
likely in the common ancestor of jawed vertebrates), the
ProtoRAG proteins evolved into domesticated formsCurrent Opinion in Immunology 2020, 65:32–41
38 Evolutionary and systems immunology(Figure 2b) that are present in all extant jawed vertebrates
[42].
Likewise, primordial self DNA-targeting AAD(s) might
have already been present in the ancestor common to all
vertebrates (Figure 2a), and then evolved into proto-
CDA2 and proto-AID genes in the ancestors of jawless
and jawed vertebrates, respectively. This was followed by
the emergence of the ‘domesticated’ versions of CDA2
and AID in the two extant vertebrate lineages
(Figure 2b). Interestingly, AID appears to be involved
in somatic hypermutation of both Ig and TCR genes in the
most basal group of jawed vertebrates, the cartilaginous
fishes [91,92]; this dual function may have been lost in
other jawed vertebrates. By analogy, it is possible that the
VLR system, and the associated CDA-mediated assembly
process, initially was dependent on CDA2 in the two
principal lymphocyte lineages of the common ancestor of
jawless vertebrates (Figure 2a). Subsequently, retrotran-
sposed copies of the primordial CDA2 gene may have
become expressed in T-like cells, eventually leading to
the silencing of the CDA2 gene in that lineage. The
recruitment of the primordial CDA1 genes for the assem-
bly of the emerging VLRA/C genes would then correspond
to the lineage-specific ‘division of labor’ between CDA
genes that is found in extant lampreys. Moreover, it is
possible that only the CDA1 clade became associated with
VLRA/C gene assembly in T-like cells, whereas other
CDA1L genes assumed more innate immune defense-
related functions by targeting non-self DNA, perhaps also
in non-hematopoietic cell types. The latter hypothesis is
supported by conspicuous structural characteristics of
CDA1L enzymes distinguishing them from CDA1 and
CDA1L1_4 [82]. The optimal in vitro activity of some
CDA1L enzymes at acidic pH suggests that they may be
involved in direct antiviral function in acidic cellular
compartments, such as endosomes [82].
Conclusions and outlook
Technological advances in rearing in vitro fertilized lam-
preys have opened up unprecedented opportunities to
interrogate the function of alternative adaptive immune
systems of jawless vertebrates. This development will
foster in-depth studies on the ontogeny of the immune
system and may in the future provide the basis for
comparative studies among different lamprey species
and perhaps even hagfish. The fact that lampreys have
now become genetically tractable will make this animal
model amenable to functional studies. Through gene
ablation and transgenesis combined with conventional
molecular analyses, these studies will address the func-
tional roles of the key components of immune facilities so
far identified. Key questions that should be addressed in
the near future are: (1) Are CDA1L genes required for VLR
gene assembly or do they function in innate-type antiviral
defenses only? (2) What is the molecular basis of deploy-
ment of CDAs to the T and B lineages? (3) Is theCurrent Opinion in Immunology 2020, 65:32–41 development of lymphoid organs and of separate lym-
phocyte lineages in jawless vertebrates governed by the
same transcriptional circuitries that are found in hemato-
poietic and associated stromal cells of jawed vertebrates?
(4) Is it possible to extend the similarities between the
adaptive immune systems of jawed and jawless verte-
brates to mechanisms of antigen presentation and toler-
ance induction?
An intriguing outcome of the recent comparative studies
of adaptive immunity in jawless and jawed vertebrates is
the astounding convergence of immune functionalities.
The new opportunities of lamprey immunogenetics will
make it possible to study in precise detail both common-
alities and similarities in immune response and memory
formation. One aspect of particular interest in this regard
concerns the principles by which ancient innate and more
recent adaptive facilities became integrated into the
coherent whole of vertebrate immunity. In addition,
these studies will be of great value for understanding
the fundamental rules underlying pathophysiological
states of the innate and/or adaptive aspects of immunity,
such as immunodeficiency and autoimmunity. The
answers to these questions will provide evolutionary
perspectives to interconnect the functions of different
components of the two adaptive immune systems.
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